Due to public health hazards of subtherapeutic use of antibiotics in poultry feed, there is a need for alternatives. Moringa oleifera is a phytobiotic, which is reported to possess antimicrobial and immuno-modulatory properties. This study aimed to investigate effects of M. oleifera leaf powder (MOLP) supplementation on growth performance and intestinal microarchitecture of broiler chickens. Day-old broiler chicks (n = 100) were randomly divided into five groups with four replicates each having five birds. Birds were fed a corn-based basal diet or the same diet supplemented with 0.6, 0.9, 1.2 and 1.5% MOLP. Body weight and feed conversion ratio were recorded on weekly basis. On day 35, two birds per replicate were selected to collect samples of duodenum, jejunum, ileum, caecal tonsils and bursa of Fabricius. Tissue samples were stained with haematoxylin and eosin or combined alcian blue and PAS technique. Supplementation of MOLP had no effect on feed intake, feed conversion ratio, bursa weight and intra-epithelial lymphocytes (IEL) count. Birds fed with 1.2% MOLP had higher (p < 0.05) body weight, length and empty weight of small intestine, and weight of empty and filled ceca. Villus height (duodenum, jejunum, ileum), villus surface area (duodenum) and villus height:crypt depth (ileum) were higher (p < 0.05) in 1.2% MOLP group compared with non-supplemented group. In duodenum, total goblet cell count was higher (p < 0.05) in all the supplemented groups when compared with non-supplemented birds. Acidic mucin count was higher (p < 0.05) in duodenum, jejunum and ileum of 1.2% MOLP group compared with the control group. Bursal follicle count was higher (p < 0.05) in 1.2% MOLP group compared with nonsupplemented group. In conclusion, dietary supplementation of 1.2% MOLP modulated intestinal microarchitecture and acidic mucin production without any apparent effect on growth.
Introduction
Emergence of antibiotic resistant pathogens due to subtherapeutic use of antibiotic as growth promoters (AGPs) poses a serious threat for human health. European Union (EU) already has banned the use of antibiotics as feed additives in poultry (EC Regulation No. 1831 as they pose a threat to human health by development of resistant pathogens (Donoghue, 2003) . This has led the scientists to look for feed alternatives, which can serve more than one purpose. One such resource is a group of feed additives termed as phytogenic products or phytobiotics, which include whole plants or their parts (Wenk, 2003) . One such plant, Moringa oleifera, belongs to the family of Moringaceae and is considered indigenous in northern India and Pakistan (Zvinorova et al., 2015) . The dried, ground leaves of M. oleifera contain 25.1% crude proteins, 5.4% lipids, 11.5% ash, 21.9% NDF (neutral detergent fibre) and 11.4% ADF (acidic detergent fibre), 44.4% carbohydrates, 3.0 mg zinc, 1.0 mg copper, 6.0 mg manganese, 300 mg calcium and 103.1 mg of iron per 100 g, 20.7 mg tannins/g, 17 mg nitrate/g, 10.5 mg oxalate/g, 161 lg b-carotene/g and 47 lg lutein/g (Nkukwana, 2012; Teixeira et al., 2014) . Vitamins A, C and E as well as their provitamins present in M. oleifera leaves are known to sequester free radicals and may have immunoprotective effects (DanMalam et al., 2001) . Additionally, the leaves are reported to contain high amounts of total phenols and are a good source of potassium and magnesium (Coppin, 2008) . The aqueous extract and Moringa oleifera leaf powder (MOLP) has antiulcerous, antihyperlipidaemic, antinflammatory, antioxidant and anticancereous properties (Coppin, 2008) . Antifungal and broad-spectrum antibacterial activities of Moringa oleifera fruit extracts have also been reported (Bukar et al., 2010; Lurling and Beekman, 2010) . Toxicity studies have shown that M. oleifera leaf extract has no reported significant adverse effects in humans, rats, rabbits or poultry (Ashong and Brown, 2011; Stohs and Hartman, 2015) . Rich nutrient profile of M. oleifera suggests potential growth promoter and immunomodulatory effects. Partially these effects have been measured in poultry with variable results, but the information on modulation of gut-associated immune components is lacking. It is hypothesized that M. oleifera promotes growth performance by influencing gut architectural integrity and gut-associated immune components. Therefore, this study aims to investigate the effects of dietary supplementation of ascending levels of MOLP on growth performance, intestinal microarchitecture and gut-associated immune components in broilers.
Materials and methods
A total of 100 day-old chicks (Hubbard) were randomly divided into five groups with four replicates containing five birds each. Treatment randomization was ensured by assigning a continuous sequence to the replicates of different groups. The chicks were reared on wood shavings litter in an environmentally controlled house in Department of Physiology, University of Veterinary and Animal Sciences Lahore, Pakistan. The temperature and relative humidity (RH) of experimental house was maintained at 35 AE 1°C and 70 AE 5%, respectively, during the first week, and then, temperature was decreased by 3°C per week until it reached 26 AE 1°C on day 21, with RH 65 AE 5% and maintained the same till the end of trial, that is day 35. Birds in the control group were fed a corn-based basal diet (BD; free of antibiotic feed additives or coccidiostats). Birds in experimental groups were fed the same diet supplemented with MOLP at 0.6%, 0.9%, 1.2% and 1.5%. To prepare MOLP, fresh green and undamaged mature Moringa oleifera leaves were collected during the month of February. The leaves were dried in shady area with no direct sunlight exposure to avoid leaching, with constant turning over to avert fungal growth. After drying, the leaves were crushed to a fine powder. Fresh water and feed were offered ad libitum. The basal diet (Table 1) was formulated to meet the nutrient requirements of poultry (National Research Council, 1994) . Daily recorded feed consumption and average body weight estimated on weekly basis were used to calculate feed conversion ratio (FCR).
Intestinal morphometric parameters
On day 35, eight birds from each group (two birds per replicate) were randomly selected and killed by cervical dislocation. Small and large intestines were eviscerated to measure their weights and lengths. After excising caecal tonsil, bursa of Fabricius and the small intestine, five cm fragments of duodenum, jejunum and ileum were obtained, that is duodenum was fragmented from the pylorus to distal portion of the duodenal loop (duodenum), jejunum from the distal portion of duodenal loop to the Meckel's diverticulum and ileum from the Meckel's diverticulum to the anterior portion of ileal-caecal junction (Murakami et al., 2007) . Intestinal samples were fixed in 10% buffered formalin solution, processed with paraffin embedding technique and stained with haematoxylin and eosin (H&E) staining technique. Five villus crypt units with intact lamina propria were used for all observations (Anwar, 2013) . The intestinal morphometric parameters included height, width and surface area of villus, crypt depth, villus height:crypt depth and thickness of lamina propria, muscularis mucosa and muscularis externa. Villus height was measured from tip of the villus to the villus crypt junction, and the crypt depth was measured from the base of crypt up to the region of transition between the crypt and villus. Villus surface area was calculated using the formula (2p) (VW/ 2) (VL), where VW is villus width and VL is villus length (Ashraf et al., 2013) .
Intra-epithelial lymphocytes (IEL)
The intestinal slides stained by H&E were used for counting of intra-epithelial lymphocytes using the same villus selection criterion. Intra-epithelial lymphocytes are characterized as rounded cells with narrow pale granular cytoplasmic rim surrounding the darkly stained rounded basophilic nuclei (Ross and Pawlina, 2006) .
Histochemistry of goblet cells
The intestinal slides stained by combined Alcian blue-PAS were used for counting the goblet cells. Goblet cells appeared as narrow based cells with wide apical portion (Ross and Pawlina, 2006) . Five villi per bird were selected to count goblet cells (Ashraf et al., 2013) . Goblet cells carrying acidic mucin stained blue, and mixed goblet cells containing both acidic and neutral mucins stained purple (Bancroft et al., 2013) .
Histomorphometry of caecal tonsils and bursa of Fabricius
The caecal tonsil height, width, number and area of lymphatic nodules were measured in three sections and their average was determined. Area of lymphatic nodules was measured using following formula = (NW) 9 (NL), where NW is nodular width and NL is nodular length. In bursa of Fabricius, total number of lymphatic follicles and their length, width and area of lymphatic follicles was measured in three sections and their average was determined. Area of lymphatic follicles was measured using formula (FW) 9 (FL) in which FW is follicular width and FL is follicular length (Anwar, 2013) .
Statistical analysis
Statistical analyses were carried out with SPSS (V. 13.3, Chicago IL, USA). For zootechnical parameters, n = 4, and for rest of the parameters, n = 8 was considered. Data were analysed using one-way analysis of variance and presented as mean AE SEM. Group differences were compared with Tukey's HSD test.
Additionally, regression (linear, cubic and quadratic) models were run to study dose-dependent responses. All differences were considered significant at p < 0.05.
Results

Growth performance
The FCR and feed intake did not vary (p > 0.05) among groups. The results of live body weight, organ weight and length are presented in Table 2 . The live body weight was higher (p < 0.05) in 1.2% MOLP (1692 g) group compared to the control group (1399 g).
Intestinal morphometrical parameters and IEL count
The results of intestinal morphometrical parameters are shown in (Table 3) . Muscularis externa thickness in ileum was higher (p < 0.05) in the control (0.213 mm) compared to 0.6% (0.154 mm) and 0.9% (0.136 mm) MOLP groups. Intra-epithelial cells count did not vary (p > 0.05) among groups.
Histochemistry of goblet cells
In duodenum, all MOLP supplemented groups had higher (p < 0.05) total goblet cell count compared to the control group (Table 4) . Acidic goblet cell count in duodenum was higher (p < 0.05) in 0.6% MOLP group (94.25) compared to the control (47.88) and 1.5% (61.38) MOLP groups. Mixed goblet cell count was higher (p < 0.05) in 1.2% MOLP group (78.25) compared to the control (39.13), 0.6% (42.25) and 0.9% (53.25) MOLP groups. In jejunum and ileum, acidic goblet cell count was higher (p < 0.05) in 1.2% MOLP group (105.25 and 117.63, respectively) compared to the control (55.0 and 69.25, respectively) and 0.6% (70.38 and 82.25, respectively) MOLP groups.
Morphometric parameters of bursa of Fabricius and caecal tonsils
Number of bursal follicles increased (p < 0.05) in 1.2% MOLP group (9.0) compared to the control (6.5) and 0.9% (6.38) MOLP groups. Lymphatic follicular width was higher (p < 0.05) in the control (0.281 mm) and 1.5% (0.311 mm) MOLP groups compared with 0.6% (0.231 mm) MOLP group (Table 5) . Lymphatic nodular length in caecal tonsils was higher in 0.6% MOLP group (0.247 mm) compared to 0.9% MOLP group (0.176 mm). Lymphatic nodular width in caecal tonsils was the highest (p < 0.05) in 1.5% MOLP group compared to other groups. Lymphatic nodular area was higher in 0.6% (0.03 mm 2 ) and 1.5% (0.03 mm 2 ) (Table 6) .
Discussion
Moringa oleifera leaves due to their high nutritional, antimicrobial and immunomodulatory properties have been reported as a potential dietary supplement for poultry in emerging scientific and review articles (Abbas, 2013; Akhouri et al., 2013; Paguia et al., 2014) . However, inconsistencies in the findings reported in literature as well as preferred use of MOLP as a replacement diet in poultry research warrants dose-dependent trials based on small increments of MOLP within safe limits. Final body weight as well as small intestinal weight and length increased as the MOLP inclusion level increased up to 1.2%, and decreased thereafter with 1.5% MOLP supplementation. Although this terminal decrease was not significant, yet in addition to a linear Within the same row, means with different superscripts are significantly different (p < 0.05). The results are reported as means of four replicates. All observations were made at three localizations/sample. Within the same row, means with different superscripts are significantly different (p < 0.05). The results are reported as means of four replicates. All observations were made at three localizations/sample. relationship (p < 0.05), a quadratic relationship was observed for all the parameters. However, in all the cases the gain achieved by 1.5% MOLP supplementation was numerically higher than the control group, thus apparently ruling out toxicity with higher doses.
Increase in the weight and length of small intestine is coupled with an increase in the length of villi in duodenum, jejunum and ileum. Our findings are supported by previous trials in poultry (Tesfaye et al., 2013; Nkukwana et al., 2014; Odedeyi et al., 2014 ). An increase in the length of intestine may be due to increased stay-time of ingesta induced by fibre content of the MOLP. However, observed increase in these intestinal attributes in the current study lacks linearity. Instead, it depicts a quadratic and cubic relationship, with peak values obtained with 1.2% MOLP supplementation. In duodenum alone, this increase in villus height gets translated into highest villus surface area observed in 1.2% MOLP group, again with a quadratic and cubic relationship between dose and effect. These observations suggest improved possibility of absorption of nutrients (Awad et al., 2009 ) and therefore improved body weight. Moreover, increase in villus height when observed together with an increase in villus height:crypt depth ratio has a direct correlation with enhanced epithelial cell turnover and activated cell mitosis (Awad et al., 2009; Ashraf et al., 2013) . This phenomenon was observed particularly in ileum where the 1.2% MOLP group had the highest VH:CD, and the increase in this ratio followed a cubic relationship with the dose level. These observations may have resulted from a controlled damage to enterocytes thus reducing the requirement for their turnover and stimulated enzyme production from villi tip. Longer villi suggest better absorptive ability of small intestine due to enhanced surface area and are good indicators of improved gut health (Xu et al., 2003) . The ratio was lowest in the control group, thus indicating absence of an adverse effect on the cellular turn over and crypt function in the supplemented groups.
There were no apparent changes observed in the thickness of lamina propria or muscularis mucosa in the current study. These histological entities have a significant role in transporting absorbed nutrients to the blood and regulating expulsion of secretions into the lumen, respectively (Mescher, 2009) . This absence of a modulatory effect of M. oleifera on development of lamina propria or muscularis mucosa may explain similar FCR observed for all the experimental groups, as the enhanced nutrient absorption effectuated by the enlarged villi was not adequately supported by other mucosal components.
Regarding caecum, MOLP supplementation increased the caecal weight with or without digesta, and the effect was linearly (p < 0.05) dose-dependent. However, its empty weight additionally showed quadratic and cubic pattern of increase in response to dose enhancement, with highest value observed in the 1.2% MOLP group. For other levels of supplementation, the values nevertheless stayed numerically higher than the control thus indicating absence of an adverse effect. This enhancement of weight may be only partially explained through effect of MOLP supplementation on architecture of caecal tonsils where an increase (p < 0.05) in their width was observed in 1.5% MOLP group. It may indicate a mild potentiating effect of M. oleifera on broiler gut-associated immune organs but stays debatable. Regarding bursa, there was a linear increase (p < 0.05) in number of lymphatic follicles with a peak observed in the 1.2% MOLP group. Caecal tonsil and bursa of Fabricius are vital components of immune system of birds, and their partially improved indices in the supplemented groups indicate some immune-modulatory properties of MOLP. However, this effect is not as pronounced as achieved through dietary supplementation of citric acid, flavomycin and their combination (Haque et al., 2010) or probiotics (Moln ar et al., 2011) .
Goblet cells are important components of innate gut immune system. They produce a mucus layer composed of mucin glycoproteins, which provides protection, lubrication and transport between epithelial lining and luminal contents of intestine (Pelaseyed et al., 2014; Zaneb et al., 2016) . Supplementation of MOLP increased (p < 0.05) acidic, mixed and total goblet cell count in the duodenum; acidic and total goblet cell count in the jejunum; and acidic goblet cell count in the ileum. The pattern of increase was, however, found to be variable among the groups, with the 1.2% MOLP group presenting most consistent findings. These findings indicate enhanced mucosal protection with MOLP supplementation. The exact mechanism by which MOLP supplementation induces metaplasia of the goblet cell counts in not clear, although it may be assumed that vitamin A in Moringa oleifera leaf supported the production and maturation of goblet cells owing to its reported potential to regulate mucin production and differentiation (Fan et al., 2015) .
Conclusion
Supplementation of Moringa oleifera leaf powder (1.2%) in diet of broilers promoted gut health through improved intestinal microarchitecture and cellular count, with only a mild immunomodulatory effect. Further studies are warranted to explore the immunomodulatory effect of MOLP supplementation in broilers.
